We introduce a flow meter to monitor the flow rate of individual phases in gas-liquid flows. The meter combines pressure data from a Venturi tube and void fraction data from a twin-plane capacitive sensor. By the twin geometry of the capacitive sensor it is possible to cross-correlate the two signals and estimate gas flow rate. A simple algebraic approach, which considers no-slip condition between phases and disregards influence of gas phase, combines pressure fluctuations of the Venturi meter with the measured phase fraction to estimate liquid flow rate. The proposed meter has been tested in horizontal air-water flow loops, 1-inch and 2-inches internal pipe diameter, in permanent and transient regimes. Calculated values were compared to reference measurements. The proposed meter performs well determining liquid flow rate, independent of the flow pattern, in the whole measured range with some more discrepancies at lower values of liquid flow rate. Gas flow rate presented good agreement with reference measures whereas here mainly slug flow pattern has been investigated. RMSD% in steady-state condition was 6.5% for liquid and 20.6% for gas, being satisfactory for many applications, considering the fact the introduced flow rate meter operates without the need for any adjustment based on reference measurements or previous knowledge/assumption of the gas/vapor quality parameter, as has been usual for other similar recent developments.
I. INTRODUCTION
Multiphase flows are found in a broad range of areas, like in nature, medicine, biology and engineering process. In petroleum industry, multiphase flows are present in exploration, production and transport of oil and gas. In order to control, monitor and prevent failures in a flow plant it is important the knowledge of flow parameters, such phase fractions and flow rates of individual phases [1] . An established method to estimate the individual phase flow rate is the arrangement of phase separators with single-phase flow meters, e.g., Vortex, Coriolis and ultrasound sensors [2] . Due to the simplicity of single-phase flows, the use of separators The associate editor coordinating the review of this manuscript and approving it for publication was Lusheng Zhai . provides advantages in the flow rate estimation, as the low measurement uncertainty (less than 1%). In other way, separators bring some drawbacks considering the physical space occupied and the time response of the system. They occupy a large physical space in the flow plant -their weight can reach 15,000 kg making difficult the use of the technique in individual wells [3] . Since the phases are separated by gravity, an unpredictable time is necessary to have a good separation and reliable measurements, elevating the time response of the system.
Multiphase flow meters (MPFM) are devices designed to measure the individual phase flow rate in a multiphase flow without the need of phase separation. MPFM occupy a small physical space; perform direct measurements (the system does not perturb the original multiphase flow) which VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ allows an online monitoring; and, they can monitor submarine and individual wells. A last advantage is the reduction of installation costs compared to separators. Besides the flow rate information, MPFM might bring other process parameters as temperature and pressure, which combined with historical data of the flow plant, may prevent failures and predict the system behavior. Despite all the advantages, in [3] authors say that for 1 million of wells worldwide there are only 3,000 MPFM in operation, which shows the existing technical and commercial potential to improve and develop new simple and reliable techniques. MPFM combines information of different sensors to estimate the individual phase flow rate. In recent past, some works have proposed different ways to estimate flow rates in multiphase flows. In [4] authors have combined differential pressure meters with a resistive sensor to extract information of the mixture flow rate. In [5] authors used orifice plates to estimate individual flow rates in gas-oil-water flows. In [6] authors applied a cone meter combined with conductance ring sensors to estimate individual flow rate of an oil-water flow. Other works with similar proposal are found in ([7]- [11] ). All the hitherto mentioned MPFM do necessarily require the previous knowledge of mass quality (the ratio of gas mass flow rate to total mass flow rate), either to be trained with soft computing methods or it requires some closing relations for complete determination of flow rates. Obviously, this information is for some application impossible to be obtained or dedicated and sometimes cumbersome adjustment/training procedures must be performed.
This work presents a flow rate meter applied in gasliquid flows to estimate flow rates of individual phases. The meter does not use homogenizers (leave-as-it-is meter [2] ), being a nonintrusive, low-cost and nonradioactive technique. The proposed system combines information of a differential pressure device (Venturi meter) and a twin plane capacitive sensor. In single-phase flows, Venturi meters have a wellestablished equation to estimate mass flow rate according to the pressure drop. When applied in multiphase flow a more complex analysis is required and several models have been presented in the past [12] - [16] . However, all such models are based assuming the previous knowledge of the parameter mass flow quality which makes its practical use quite limited. Mass quality depends on the individual mass flow rates (gas and liquid) which in fact are the output parameters of flow rate meter.
In this work, we use some assumptions (similar to [17] ) to obtain an algebraic approach to estimate the flow rates, which avoids the dependence of gas mass quality in the proposed formulation. Hence, proposed flow meter does not require inline adjustment of two-phase flow model or parameters for flow rate computation. In a previous work [18] , we briefly presented the meter and preliminary results. There, only one pipe geometry (1-inch internal diameter ID) was considered and only 14 experimental points (for a narrow range of liquid and gas superficial velocities -slug regime) were measured. Here, a new geometry was developed, the system was applied 
II. TWO-PHASE FLOW METER DESCRIPTION
The proposed gas-liquid flow rate meter combines a Venturi tube and a twin-plane capacitive sensor, as represented in Fig. 1 . By the sensors readings we estimate the three parameters required to extract information of individual volumetric flow rates in a non-homogeneous gas-liquid flow. Firstly, one phase fraction (gas fraction α or liquid fraction) is measured by the capacitive sensor. Since the sum of gas and liquid fractions is the unity, by the measurement of one phase fraction it is possible to predict the second one. And lastly, the individual velocities of liquid (v L ) and gas (v G ) are measured with aid of both sensors, as is detailed in the next subsections B and C. By combining phase fractions and individual phase velocities, it is possible to obtain the volumetric flow rate of the individual phases -Q G and Q L . Further, gas ρ G and liquid ρ L densities are obtained from known correlations and measurements of temperature T and pressure P. Hence, the mass flow rate of gas M G and liquid M L can be obtained as well the total mass flow rate M
(1)
A. TWIN-PLANE CAPACITIVE SENSOR
Twin-plane capacitive sensors were built to be used as part of the gas-liquid flow meter for 1-inch and 2-inches pipe ID. Here, we will shortly present its design and principle of working.
The capacitive sensor is similar to the one proposed in our previous work [19] . The original sensor comprises an emitter and a receiver ring. To have a twin geometry a second transmitter ring was added in the project of the sensor as shown in Fig. 2 . Receiver ring is divided in eight electrodes which are equally spaced. The sensor is fabricated in a flexible printedcircuit board (PCB) which is attached to the internal pipe wall.
Each emitter-receiver pair is seen as an individual sensor by the measuring electronics. The input signal is multiplexed [19] .) between the two emitters and the electrical current flowing in each emitter-receiver pair is converted into a proportional ac voltage by eight transimpedance amplifiers which are part of the receiver electronics. Logarithm detectors are responsible to demodulate the ac levels, which in turn are proportional to the sensed capacitance [19] . A data acquisition board converts the voltage levels of the demodulated signals in digital values that are post-processed by a personal computer. The sensed capacitance of each electrode is proportional to the electrical permittivity of the flowing media at each emitter-receiver pair. In this fashion, the sensor subdivides the pipe cross section into a number of regions which are individually interrogated in a fast manner. Then, by calculating the electrical permittivity of each sub-region, it is possible to obtain the void (gas) fraction by
where ε m r is the measured relative electrical permittivity of the mixture m, ε L r is the relative electrical permittivity of the gas (low permittivity media) and ε H r is the electrical permittivity of the liquid (high permittivity media). The subscripts i, j represent the emitter number (1 or 2) and the receiver number (1 to 8), respectively, and k the frame number. The electrical permittivity values of gas and liquid can be measured in static conditions before the installation of the sensor in the flow loop. For more details about phase fraction estimation see [19] . In [19] , the void fraction for the 1-inch geometry has been compared to the well-established wire-mesh sensor. Different combinations of liquid and gas volumetric flow rates have been measured and reference cross-sectional averaged void fraction were generated. Here, considering the developed sensor for the 2-inch geometry, we have performed new and further experiments and the absolute root mean square deviation (RMSD) for both sensors geometries was 0.05 (5%).
B. LIQUID FLOW RATE ESTIMATION
In the proposed system, the liquid flow rate will be calculated combining information of void fraction and pressure drop of Venturi tube. The principle of working of this differential pressure device consists in the fact that the fluid is accelerated in the convergent section causing a pressure drop between the inlet and the throat. By the measurement of the pressure drop, the mass flow rate M in a single-phase flow is estimated by a well-established relationship that combines Bernoulli's, continuity and energy equations. If thermal effects are disregarded, and the flow is considered incompressible, M is related to the pressure drop P by
where C d is the discharge coefficient, A T is the Venturi throat area, ρ is the fluid density and β is the throat to pipe diameter ratio (β = D T / D). For an incompressible fluid, the discharge coefficient is a dimensionless value defined by the ratio between the actual flow rate to the theoretical (frictionless) mass flow rate. C d takes into account effects of turbulence, wall friction, slip velocity, phase velocity profiles and interfacial forces [17] .
In this work, we have built two different geometries based on ASME-MFC-3M-2004 standard (similar to ISO 5167-4 standard). The first one has a 1-inch inlet diameter and the second one has a 2-inches inlet diameter. The throat to pipe diameter ratio is 0.5 for both meters. Fixed discharge coefficient (C d ) given by the standard may be applied or if higher accuracy is required, the Venturi tube's C d may be experimentally obtained as a function of pipe Reynolds number.
Since we will apply the Venturi meter in gas-liquid flows the relationship given by (3) has to be adjusted based on more complex analysis regarding two-phase mixtures. To simplify calculations an algebraic model -with no dependence of flow quality -is applied here.
1) ALGEBRAIC APPROACH
The algebraic model proposed in [17] estimates the stream velocity of liquid in a gas-liquid flow by means of a differential pressure signal. For this, the approach considers the density term of (3) as a mixture density (ρ m ).
Commonly, in a gas-liquid mixture the density can be calculated by the knowledge of the average void fraction (α) and the densities of gaseous ρ G and liquids ρ L phases by
Considering the gas density much lower than liquid density (ρ G<< ρ L ) the mixture density can be estimated only by the first term in previous equation. In the same way, considering (1), the term referent to the gas phase can be neglected. Therefore, the algebraic approach considered here calculates mixture density and the liquid volumetric flow rate by
and
respectively. If equations (3), (5) and (6) are combined, the liquid volumetric flow rate is algebraically approximated without an explicit dependence of the gas velocity, by the following equation
The contribution of gas phase to the calculation of the liquid flow rate in a gas-liquid flow by (7) appears in the estimation of the mixture density (5) which takes into account the void fraction α.
C. GAS FLOW RATE ESTIMATION
The gas superficial velocity J G is defined as the gas velocity as if the gas was the only fluid streaming in the pipe. It can be calculated by the ratio of the gas volumetric flow rate and the pipe cross-section area A as
Since Q G and J G are the parameters to be measured by the proposed system, another equation have to be used. Multiplying both sides of (8) by A G and rearranging it, we obtain a well-established equation in fluid dynamics given by
This equation determines the time-averaged gas superficial velocity based on area-averaged value of in-situ gas velocity v G and void fraction α, which are exactly the parameters measured by the capacitance sensor. In this way, gas volumetric flow rate Q G can be calculated by the multiplication of the gas superficial velocity with the pipe cross-section area as
Hence, α is obtained from (2) and v G is determined by calculating the transit time of flow structures, i.e., the time that the disperse phase takes to travel from the first to the second plane of the sensor. A well-established technique to calculate the transit time τ m is the cross-correlation function R xy represented in Fig. 3 . This technique has been used in commercial meters like the Roxar MPFM2600 [20] and Pietro Fiorentini Flowwatch 3I [21]. In the academy, different works have used and improved this technique [22] - [26] . Two sensors spaced in the pipe by a known distance d generate time-series x(t) and y(t) as showed in Fig. 3a . Here, the twin-plane sensor will generate these signals by measuring the gas fraction over the time. The time-series are modulated by changes in time and space, which in fact represents gas-liquid interfaces in the flow. The cross-correlation function R xy represents the 
The maximum value of R xy represents the highest similarity of signals for the time delay τ m . So, τ m is the time that a gas-liquid interface takes to travel from one sensor to another, as represented in Fig. 3b . By the knowledge of the sensor geometry the time-averaged velocity of gas phase v G is approximated as the gas-liquid interface velocity by The averaged value of gas velocity can only be estimated when gas-liquid interfaces are well defined in the flow. If no interfaces are found in a time window, no motion can be detected by the cross-correlation, i.e., gas motion inside gas structures cannot be detected by the cross-correlation function, for example. In summary, (10) represents an approximation of the averaged value of gas volumetric flow rate for a selected time interval.
Estimating the gas density (ρ G ) -based on measures of pressure P G and temperature T G -by the ideal gas law
where R is the specific gas constant (R = 287 J /kg · K considering air), one obtains the gas mass flow rate by
D. DATA FUSION: TWIN-PLANE CAPACITIVE SENSOR AND VENTURI METER
A routine was created to fuse data of sensors and to obtain gas and liquid flow rates. Fig. 4 shows a pseudo-code of the developed algorithm. A data acquisition board (DAQ) connected to a personal computer captures measurements from the twin-plane sensor. Pressure fluctuations of the Venturi tube are taken via 4-20mA/Hart communication, as well as information of temperature and pressure. The developed routine is responsible to compute the desired parameters such as void fraction (over the time), phase densities and gas and liquid flow rates.
To estimate liquid flow rate, some parameters of (7) have to be estimate in advance, as it occurs for example with the discharge coefficient. Since C d also depends on the liquid flow rate, a recursive procedure was created. An iterative loop is used and an initial guess of C d (C d_INIT ) is then deployed. When a small change, from the actual to previous value, of the discharge coefficient is found the iterative procedure ends and the liquid flow rate is calculated.
E. EXPERIMENTAL AIR-WATER FLOW LOOP
The developed system was tested and validated in the horizontal air-water flow loop located at Multiphase Flow Researcher Center (NUEM-UTFPR, Curitiba, Brazil). The facility is schematically represented in Fig. 5 . The loop comprises independent lines of gas and liquid in which reference values for the flow rates are taken by independent Coriolis meters. The facility possesses two flow lines diameters (1-inch and 2-inches pipe ID), which are manually connected by means of valves. Both phases are mixed at the inlet and the flow develops along 21 meters in the horizontal pipe section until reach the two-phase flow rate meter. After the Venturi divergent section, the mixture travels over more 9 meters to return to the water reservoir opened to atmosphere. Gas phase discharges in the atmosphere, since a cyclone separator is provided for separating the mixture.
A LabVIEW application controls and monitors the instruments at the flow facility. Firstly, the user defines a set point to the superficial liquid velocity J L . A PID controller is used to control the process variables, such as the pump rotation speed by means of a frequency inverter (WEG-CFW08). The pump rotation is defined according to the set point and to the actual value of liquid flow rate measured by the reference Coriolis meter (uncertainty of 0.1% for liquids). The gas mass flow rate is controlled by valves and the reference value of M G is measured by a single-phase Coriolis meter (uncertainty of 0.5% for gases). Temperature and pressure readings from the test line are applied in the gas ideal law (13) to compute gas density, which in turn is used to calculate reference value of gas volumetric flow rate Q G and gas superficial velocity J G . A correlation proposed in [27] is used to obtain FIGURE 6. Gas-liquid flow pattern map [28] and experimental points. Permanent regimes are measured three times during 60 seconds each.
water density as a function of temperature. Gas and liquid superficial velocities range between 0.1 m/s and 4 m/s.
The maximum absolute pressure of the flow loop is limited by the gas line at 10 bar. Different combinations of gas and liquid superficial velocities can rise the absolute pressure to the maximum limit. Therefore, for a given experimental point, the maximum value of air and liquid flow rates depends on the absolute pressure that depends on the air and water superficial velocities. There is no control in temperature conditions and its value depends on environmental and process conditions.
III. SYSTEM EVALUATION RESULTS
Several combinations of liquid and gas superficial velocities have been experimentally tested in both horizontal pipeline diameters. In Fig. 6 , one can see a flow map -proposed by Taitel and Dukler [28] -for predicting flow patterns considering gas and liquid superficial velocities in horizontal gas-liquid flows. Operational points were chosen to consider operation limits of the flow loop, e.g., pressure limits in gas phase line and the power range of the water pump.
About 160 operation points were selected for both pipe geometries in which most of them are predicted by the flow map as slug flow regime. Furthermore, 10 transient regimes were performed for slug flow pattern, i.e., liquid and gas flow rate are changed during the acquisition interval.
The experimental procedure consists in measuring the flowing media in permanent regimes during 60 seconds, repeating each three times. Sampling frequency of the capacitive sensor and of the differential pressure transducer were set in 900 Hz. For transient regimes, the acquisition interval was set to 200 seconds and sample frequency was set to 500 Hz. In this section, we will present results and compare with reference measurements. 
A. GAS FLOW RATE ESTIMATION
For all permanent regimes the gas superficial velocity and gas flow rate were calculated by (9) and (10), respectively, as averages of the measured interval. For this, the mean velocity v G is calculated based on the entire time-series and the void fraction α is the mean value along the time. Calculated values of gas superficial velocity are compared with reference in Fig. 7 , where dotted lines represent relative deviations of ±20% and the error bars represent the standard deviation (STD) of reference values, which use to vary due to the process conditions, i.e., the error bars represent the intrinsic variation of the process and do not represent uncertainties.
Qualitatively, the lower values of J G (mainly bubbly and slug/bubbly regimes) are overestimated by the proposed system. For J G in the range between 0.2 m/s and 2 m/s, the relative deviation of calculated values is close to the ± 20% range. When the gas volumetric flow rate increases, the calculated values are underestimated by the proposed system.
Root mean square deviation in % (RMSD%) was calculated to quantify the results, being equal to 20.6% for the whole measured range. Considering only slug flow regime, the RMSD% is 16.4%.
B. LIQUID FLOW RATE
Liquid superficial velocity and liquid flow rate were calculated for the selected experimental points. Fig. 8 depicts the comparison of calculated and reference values in which dotted lines represent a relative deviation of ±20% and error bars represent the standard deviation of reference values given by the process. Qualitatively one can see that for the lower values of liquid superficial velocity (J L < 0.3 m/s) the deviation is higher than 20% independent of the flow pattern. If considered the standard deviation of reference, the deviation of calculated values is less than 20%. For higher values of liquid flow rate (J L > 0.3 m/s) the deviation of the estimated values is lower than 20% for all measured points. For a same liquid flow rate, the higher the gas velocity, the higher the slip ratio and thus the higher the deviation in estimated values of liquid flow rate. The calculated RMSD% for liquid superficial velocity higher than 0.3 m/s was 6.5%. For flow conditions with J L < 0.3 m/s, due to process conditions, it was not possible to keep J L at steady values (see size of error bars in Fig. 8 ). Therefore, the RMSD was only calculated for stable flow conditions.
C. TRANSIENT MEASUREMENTS
In order to assess the potential application of the proposed system for detection of variations in the process, such gas and liquid flow rate variations, transient regimes have been measured. Measurements were taken during 200 seconds with a sampling frequency of 500 Hz. Instead of the averages of the full acquired data, for the sake to detect variations in flow rate values, average values of read parameters were taken at some pre-defined interval. Gas flow rate is calculated at each 5 seconds of acquisition (time-series is divided into windows of 5 seconds) and liquid flow rate is estimated once per second. Fig. 9 shows results for three experimental transient regimes performed in the 1-inch pipe flow loop. Each column represents one run, where the upper plot shows gas volumetric flow rate while the lower plot, the liquid volumetric flow rate. Qualitatively, liquid and gas volumetric flow rate follows the reference measurement. The greater deviations are seen in the transitions of flow rate.
To quantify deviations in transient regimes, reference and calculated points should have the same number of samples in the measured interval. Therefore, the data was interpolated by a linear fit along the time. Considering each transient measurement individually, the greatest RMSD% was 22.2% for gas and 8.24% for liquid flow rate.
D. DISCUSSION
In this section we present an analysis of potential source of errors in the proposed measuring system.
Regarding gas flow rate estimation, a source of error that can appear by increasing the gas flow rate is related to the liquid film around the elongated air bubbles in slug flows. In the work presented by [29] experiments were recorded by a high-speed camera and it was observed that by increasing gas velocity the liquid film also increases. The higher the gas velocity the higher the liquid film around bubbles in slug flows. Since the electrodes of the twin-plane capacitive sensor are attached in the internal pipe wall, the spatial sensibility is higher in the region close to the pipe wall as shown in [19] . In this manner, the calculated values of void fraction are possibly underestimated due the liquid film covering the electrodes.
At low gas velocities, the proposed system overestimates Q G . Small bubbles of gas are dispersed in the water causing distortion in the electrical field, and, small bubbles are seen as larger bubbles by the capacitive sensor. As a result, the gas flow rate is overestimated. The innumerous gas-liquid interfaces present in bubbly flows are seen as discontinuities in time-series and consequently the cross-correlation function may not have a strong peak representing the transit time of flow interfaces, resulting in poor calculations of gas velocity.
For liquid flow rate estimation, the higher deviations are seen for the lower values of liquid velocity. In this situation, it was notable that the higher unsteady condition of reference measurements is given by the two-phase flow process. Another possible reason of the poor results is related to slip velocity -ratio of gas and liquid velocities. The lower the liquid velocities, the higher the slip ratio. The algebraic approach to obtain liquid flow rate is an approximation that considers no-slip condition and simplify calculations by considering ρ G << ρ L .
In transient regimes, the liquid flow rate is well estimated while the gas flow rate presented some peak values in transitions, since the instability in the time-series affect negatively the result of the cross-correlation function.
There would be a number of measures to compensate such identified problems. However, this would require to run specific experiments to obtain compensation/calibration parameters or it would require the use of higher order models which in turn would again require to be tuned (normally by specific set of experiments). Our aim was to introduce a measuring system which may not rely in complex compensation/calibration with the advantage of simplicity and adaptability to other pipe diameters and operational conditions, but with the clear disadvantage of having moderate accuracy.
IV. CONCLUSION
In this work, it was introduced a flow meter to extract individual information of flow rates in two-phase flows. The proposed technique combines a twin-plane capacitive sensor and a Venturi meter. Furthermore, it has no dependency of the parameter known as gas quality or inline calibrations measurements. Liquid flow rate is estimated by an arithmetical approach combining void fraction, pressure and temperature readings. Gas flow rate is calculated by cross-correlating signals of the capacitive sensor and by the estimative of gas density via temperature readings.
The meter was applied for two pipe internal diameter loops (1-inch and 2-inches). Several combinations of gas and liquid flow rates have been experimented and transient regimes were measured in the same manner. The system presented promising results for a significant amount of experimental points mainly for slug flow regime, which presented a RMSD% of 16.4%. It was observed that liquid volumetric flow rate is over-estimated for a small amount of experimental points for lower values of liquid flow rate and higher values of slip ratio (which is not considered by the proposed model). Despite this, disregarding low values of liquid flow rate the RMSD% was 6.5%. In transient regimes the system was capable to detect changes of liquid and gas flow rate with a temporal resolution of one second and five seconds, respectively.
In summary, good results were achieved even without the need of inline calibration measurements. Thus, it is expected that the proposed technique can be a candidate for field application and real-time monitoring. Future work will focus on improve results for higher values of gas flow rate and expand the system in other two-phase mixtures (air-oil and oil-water) and in three-phase flows (gas-oil-water).
